ABSTRACT Traditionally, the engineering education is aiming to establish quantifiable, measurable units, and after that comparing those to utilise the unit considered more suitable. When thinking about sustainability of structures, traditional mentality has to be set aside, as comparing different structural systems is becoming a complex task. Choosing different materials for the same reinforced concrete structure has immediate comparable impact on the environment. Reinforced concrete structures are using excessively the limited limestone and other resources and, in the same time, a large quantity of energy for producing the rebar, the clinker and the structural concrete, having negative impact on the environment. Even if reinforced concrete structures are not generally known as the most sustainable solutions for several structural queries, reinforced concrete structural solutions are preferred for most of the situations due to the other advantages presented by these structures. Hence, considering that specific building indispensable for the society, the aim of obtaining sustainable buildings becomes equivalent to decrease their negative impact on the environment while still taking full advantage of their strength. This target can be achieved by judicious choose of the built-in materials. For a given multistorey reinforced concrete frame building, the scope is to establish the concrete and the reinforcing steel classes in such a way that the impact of these materials on the environment to be kept at the lowest possible level. This paper presents a study on an ordinary reinforced concrete frame structure designed using two different concrete classes (C16/20 and C30/37) and two different reinforcing bar classes (PC52 and S500), obtaining four different possibilities for the same solution. Different combinations of built-in materials are resulting different economic and environmental impacts. The environmental impact for the whole life cycle of the studied solutions, using different material qualities, is estimated using Athena Impact Estimator for Buildings, taking into consideration weighted life-cycle analysis indicators (total energy used, the quantity of solid emissions in air and water, the required natural resources consumed -especially the non-renewable ones -the impact owed to the depletion of the natural resources, human health and the impact on the ecosystems). Besides the environmental impact estimation, realisation cost is also evaluated for each structural solution, obtaining a relationship between the cost (as the major decision influencer) and the sustainability of the studied solutions.
INTRODUCTION
When thinking about structural design, engineers are used to focus on provisions of standards, limits imposed by codes and other generally valid formulas with respect to the material and structural behaviour, all those representing measurable quantities [1] . The essential requirements based on which structural design activities are performed are stated in the Council Directive 89/108/EEC [2] . The essential requirements to respect are (a) the mechanical resistance and stability, (b) safety in case of fire, (c) hygiene, health and environment, (d) safety in use, (e) protection against noise and (f) energy economy and heat retention [2] . Even if most of the requirements have been implemented, where necessary, into national or European design codes and norms, resulting principles, formulas, provisions and procedures easy to apply in the day-by-day design activity as well as quantifiable and measurable units as qualitative and quantitative markers of the design, others, like 'hygiene, health and environment' and 'energy economy', still suffer from lack of specific and practical measuring instruments. Worldwide concerns of specialists from the field of civil and environmental engineering in order to establish sustainable structural design methodologies could not remain without outcome. The ISO 14000 standard family on environmental management [3] provides tools to identify and control the environmental impact of companies and organisations and to improve their environmental performance [3] , but their practical use in design and realisation of sustainable structures is almost negligible. One of the most efficient methodologies for obtaining a sustainable structural system is the impact assessment of the studied structure using life-cycle analysis (LCA), emphasised in studies performed by Danatzko and Sezen [4] and others. The LCA of structures is considering the impact of the whole cradle-to-grave and to cradle again circle of the materials, structures and buildings ( Fig. 1) , regulated by European framework standards EN 15643-1:2010 [5] and EN 15643-2:2011 [6] .
Lack of statistical data for the whole life cycle of materials, structures and buildings with respect to their environmental impact (energy consumption including regenerable energy, especially the consumption of fossil fuels, quantity and quality of solid emissions to air and water, consumption of the necessary natural resources, especially of the non-renewable ones, the impact owed to the depletion of the natural resources, human health and the impact on the ecosystems) and the complexity of the realisation processes consists of the weakness of the method. In the same time the unfortunate mindset of investors to consider nothing but the realisation costs and revenues but also the lack of the specific education of specialists involved in the design, realisation, service, demolition and reuse of structures as well as of the legal-and clear standard obligations consists obstacle to destruct in the way of the desired consideration of the environment.
SUSTAINABILITY OF STRUCTURES
Sustainability by default lays on three pillars, which are not mutually exclusive but can be mutually reinforcing [7] , representing nothing else than the reconciliation -or the compromise -of environmental, social equity and economic demands. When a need for a specific structure is formulated towards an engineer, there are well established and known methodologies -and traditions -for the economic impact assessments, while the environmental impact of the materials and structural systems used requires supplementary studies. As a consequence, the sustainability of a structure can be assessed only following the impact studies of the structure. Sustainability of a structure is influenced by the established static scheme, the type of the materials used, the ratios and quantities of the embedded materials, by the proposed realisation processes, the service period and eventual maintenance, and the possible recycling of the demolished structure. Studies performed by Puskas and Virag [8] , Danatzko et al. [9] and others [10, 11] are emphasising that in design phase the chosen structural systems have high influence on the sustainability of the whole project, but the embedded material qualities and quantities are having the largest influence on the sustainability of the structure. In case of reinforced concrete frame structure (Fig. 2) , its sustainability depends on the material properties and quantities of the used structural concrete, being the building material used on the largest scale for the realisation of commercial, residential and industrial buildings.
Design principles based on the limit state concept used in conjunction with a partial factor method [12] are providing sufficient guidelines for realising reliable concrete structures, but if one intends to design sustainable concrete structures, supplementary guidelines and studies shall be necessary. Unfortunately, understanding the shortcoming of the structures responding to the same design theme realised in a less sustainable way is not equivalent to having at our disposal alternative structural solution with significantly less environmental impact.
3 REINFORCED CONCRETE SUSTAINABILITY As building material reinforced concrete can be hardly considered a sustainable one in the rigorous sense of the word, but for large-scale buildings, its use cannot be avoided. At the same time, reinforced concrete, in its many forms, is a versatile building material that can provide many sustainable benefits by virtue of its economic construction, thermal mass, durability, fire resistance, acoustic performance, adaptability and recyclability. Choosing the appropriate method of concrete construction for the type of building will ensure that these benefits are combined to deliver the most sustainable outcome [13] , having a perfect equilibrium between the economic, environmental and social impacts of the resulted building. Sustainability of reinforced concrete is determined by the sustainability of the used components.
Concrete sustainability
Concrete is the most used construction material on the world [14] , obtained in concrete plants by mixing the constituents: aggregates, sand, cement, water, chemical and mineral admixtures. While some of the components can be obtained without high-energy consumption and without high quantity of waste production, the cement production, in the clinkering phase, requires high quantity of energy and large quantity of greenhouse gas is released.
For structural concrete replacement of up to 30% of the virgin aggregates with coarse recycledconcrete, aggregates can save important quantities of energy, with only slight reduction in the compressive strength of the concrete [15] and important recycled material quantity is re-used; if in the concrete mixing, grey water or rainwater is used, further reduction in the use of the natural resources can be achieved. Due to their valuable properties, the use of mineral admixtures (fly ash, silica fume, slag) in concrete is equivalent not only to saving important cement quantity from the mix but also to energy and greenhouse gas emission saving while industrial waste is reused [14] . In the cement production industry, there is a permanent competition between players to use as much as possible mineral admixtures to reduce the energy consumption to obtain not only a more sustainable cement but also a more cost-effective one, even with the risk of endangering its characteristics.
For the cement production, large quantities of limestone are used, threatening the limited limestone resources. The most energy-consuming stage is the heating of the limestone and clay mixture to high temperature (approximately 1450°C) and then inter-grinding the resulting clinker with calcium sulphates and industrial by-products (such as blast furnace slag, limestone, natural pozzolana and industrial pozzolanic materials, e.g. fly ash, silica fume and burnt shale). Dry process state-of-the-art technologies requires 3.3 ÷ 3.6 GJ of energy to produce a ton of clinker and then to grind it into cement, while wet process technologies requires approximately 56% to 66% more energy [16, 17] .
Reinforcement sustainability
Reinforcing steel bars used for concrete structures are made of unfinished tempered steel, produced in hot rolled process with subsequent superficial hardening by heat treatment. To assure a better mechanical bond to the concrete, the structural reinforcements are ribbed. The ribs of the reinforcements are obtained by running the hot rolled smooth bars through rollers, deforming the bars to the ribbed shape.
While concrete is generally used for its compressive strength, the steel reinforcement is used to take over the tension appearing in the cross sections of concrete elements, having about 100 times higher tensile strength than the concrete, but with very similar thermal expansion coefficient. Inconveniencies appear due to its unprotected surface, which allows corrosion reaction even in ambient environmental conditions, and due to its low heat resistance. These inconveniences disappear when proper concrete cover is assured.
Reinforcing steel is a 100% recyclable material; it can be produced using 100% recycled scrap steel as feedstock. When a reinforced concrete structure arrives to the end of its life cycle, steel reinforcements separated from the concrete can be recycled and used again without quality loss, becoming prime material for reinforcing steel production. The embodied energy values and the necessary energy input per tonne of reinforcing steel are based on the energy used to melt and reform it, which, due to the high temperatures needed for melting, is comparable to the energy used for the clinker realisation, but being still less than half of the energy used for the melting and lamination of the structural steel [18] . Reinforcement production from scrap and recycled material can contribute to the EU requested 20% carbon emission reduction (by 2020, with respect to the level of 1990).
CASE STUDY: DESIGN OF A MULTISTOREY FRAME STRUCTURE
Frame structures are one of the simplest structural systems to use for multistorey buildings, having horizontal and vertical structural elements clearly defined, assuring functional flexibility and slenderness in the same time; their advantages are consisting also their limits, since their resistance to lateral forces is limited by their flexibility. Reinforced concrete multistorey frame structures are typical for apartment buildings. (Fig. 2) .
For the design of the permanent structure, variable and accidental load have been taken into account. Permanent loads are given by the own weight of the structure and the finishing on the floors, being considered 1. Accidental loads given by seismic actions on the structure have been generated for region characterised by the upper limit of the period of the constant spectral acceleration branch T c = 0.7 s and the design ground accelerations a g = 0.16 g, medium ductility class provisions being chosen to be fulfilled [19] .
Structural design: structural variations
The presented structure has been calculated using the first-order linear-elastic analysis for the spatial model. In structural analysis, reduction in the elastic modulus has been considered according to seismic code P100 [20] and design code NP007 [21] : 0.5⋅E for seismic design situation, according to seismic code P100 [20] , and 0.8 and 0.6⋅E for persistent and transient design situations established according to Eurocode [12] , for columns and beams, respectively, according to NP 007-97 [21] . Four variants of structural solutions have been analysed for the given structure, given by combining concrete classes C16/20 and C30/37 and steel classes PC52 and S500 (Table 1) .
Dimensions of the slab, beams and columns have been established taking into consideration the limit deflections established according to Eurocode [12] for load combinations in service ability limit states and for limit deflections according to seismic code P100 [20] in both ultimate and service ability limit states. Size differences appear due to the concrete class differences: the slab thickness is 14 cm for concrete class C16/20 and 13 cm for C30/37, transversal and longitudinal beam cross sections are 30 × 60 cm for concrete class C16/20 and 25 × 60 cm for C30/37, and 30 × 55 cm and 25 × 50 cm, respectively. Column sizes of 45 × 45 cm and 40 × 40 cm have been chosen for the two concrete classes. Both structures have been designed for two situations of reinforcement quality used (PC52 and S500), resulting in considerable difference in the used quantities for the four variants. The resulting quantities are presented in Table 2. 5 ENVIRONMENTAL IMPACT OF THE MATERIAL QUALITY Assessment of the environmental impact for the four studied solutions has been performed using a simplified procedure for the energy consumption of the embedded materials and a LCA of the structures realised using a life-cycle assessment software.
Energy consumption calculation of the embedded materials using simplified procedure
Comparison of the environmental impact of the used materials having different qualities is performed. In the simplified procedure, important differences in the necessary energy appear due to the concrete mix proportioning and to the quantity differences, but in the opposite sense. The quantities used for the realisation of 1 m 3 of concrete and for the whole structure for the two concrete classes used (C16/20 and C30/37) are shown in Table 3 .
Considering the energy consumption for cement production at 3.38 GJ/t (medium value for year 2006) [16] , the necessary energy for the cement quantity corresponding to the calculated building is 558.3 GJ when using C16/20 concrete and 639.3 GJ when using C30/37 concrete. The necessary energy for the production of the concrete is presented in Table 4 , where the necessary energy used for the concrete production has been considered as in [17] . The necessary energy for producing the complete quantity of concrete is 620.4 GJ for the concrete class C16/20 (variants 1 and 2) and 688.7 GJ for the class C30/37 (variants 3 and 4). If the energy intensity value is taken as 25.5 GJ/t according to Worldsteel [22] as the mean value for blast furnace -basic oxygen furnace production route, the necessary energy for the production of the whole reinforcement quantity for the four variants are presented in Table 5 .
If the main criterion for the comparison of the sustainability of the studied structural variants is the total energy consumption for the production of the main materials (concrete and steel), the necessary energy for each structural variant is presented in Table 6 . The environmental impact of the embedded materials has been assessed using Athena Impact Estimator for Buildings life-cycle assessment software. For the analysis of the structural impact in normal service conditions, the building life expectancy does not have any influence nor does the replacement influence the analysis. Taking into consideration the material quantities presented earlier for the studied four variants, the total energy consumption resulted by the life-cycle assessment is presented in Fig. 3 . The total primary energy consumption includes the necessary energy for the whole life cycle of the proposed structure, including manufacturing, construction, maintenance, endof-life and operating energy, composed by hydro, coal, diesel, feedstock, heavy fuel oil, LPG, natural gas and nuclear energy [23] . Comparison of the fossil fuel consumption for the studied variants is shown in Fig. 4 . The comparison is obtained using the LCA software.
6 COST IMPACT ESTIMATION FOR THE STRUCTURAL VARIANTS Considering market prices for material and labour costs, the realisation cost of the four structural variants have been estimated. Table 7 presents the total cost for variants 1 and 2, whereas Table 8 presents the cost of the structural variants 3 and 4.
Important price difference appears due to the reinforcement quality; even if the use of higher concrete class results a higher concrete cost, the economy resulting from using a higher grade reinforcing steel is of greater value than the price difference resulting from the concrete class increasing. It is important to remark that the site location is highly influencing the realisation cost: while transportation cost of the reinforcement is representing a reduced percentage of the total cost, in the case of the concrete the site location has huge influence on the concrete and on the cost of the concrete components.
7 DISCUSSION As shown previously, the sustainability of a reinforced concrete structure is determined by the sustainability of the used components and their ratio. The present study refers to a structurally simple but realistic reinforced concrete building; similar structures are often used for multistorey commercial or residential buildings. The comparison of the structures has been limited to the realisation cost of the structures and to the necessary energy used for producing the total concrete and reinforcement quantity and the total primary energy necessary for the life cycle of the structure, respectively. When calculating only with the simplified method, the necessary energy consumption for the production of the concrete and reinforcing steel economy on the energy due to the concrete quantity reduction due to the use of higher class concrete seemed to be sufficient to compensate the impact of the concrete class increase. When calculating the total necessary primary energy for the life cycle of the studied variants, the influence of the concrete class increase seems to be more important than the economy due to quantity increased. The influence on the sustainability improvement of the complete structure due to the reinforcing steel grade increase is indisputable and confirmed by both calculation methods, but in the case of the concrete differences appear between the results. In the simplified calculations, the overall most sustainable structural solution is Variant 4, the other solutions use 15.2% (Variant 1), 4.3% (Variant 2) and 16% (Variant 3) more energy for the concrete and reinforcing steel production. Using the life-cycle assessment software, the most sustainable structural solution seems to be Variant 2, the other solutions use 7.1% (Variant 1), 22% (Variant 3) and 15% (Variant 4) more primary energy for the complete life cycle of the structural solutions.
From the cost point view, the use of superior material quality for concrete leads to a price increase of 7.9%; this increase is tempered by the price decrease resulted from the use of high-grade reinforcing steel, resulting in a final cost difference compared with Variant 4 of 10.5% for Variant 1, 4.1% for Variant 2 and 9.3% for Variant 3. In the same time, concrete quantity decrease leads to a decreased total weight of the structure, which can lead to further advantages. The use of superior quality ribbed reinforcement compared with the lower quality reinforcing bars leads to an economy of over 15%.
CONCLUSIONS
Properly designed reinforced concrete structures can be considered sustainable solutions if according to the proposed impact criteria their performance is admissible. In the assessment of the structural solutions, the most important assessment criterion has to be specified prior to the assessment start. The studied solutions presented are emphasising the influence on the sustainability and on the cost of the structures: the use of superior quality reinforcing steel is leading to less energy consumption and lower overall cost, the use of higher grade reinforcing steel is being recommended against lower grade steel due to the indicated advantages. In case of concrete, results are not convincing; from economy point of view, higher class concrete can be considered more favourable, but the environmental impact of the concrete depends on the chosen assessment method. More detailed study on the structures to obtain a more sustainable structural solution might be necessary, but it has to be remarked that results are depending on the specific site location. Due to the large amount of embedded energy, resource used and waste produced sustainability of structural solutions cannot be neglected, but proper measurement of the structural sustainability requires further developments of the assessment methods.
